Introduction
Insects are a natural source of protein, fat and other nutrients for omnivorous species of poultry in the wild. Furthermore, invertebrates play a crucial role in the survival of young poultry, which is reduced in habitats with low insect availability.
It is well-documented that wild birds, including turkeys, need approximately 60% of their diet to come from insects during the first period of life (Rumble and Anderson, 1996) , and the chicks of ring-neck pheasants are fully dependent on insects and animal matter intake during the first 3 weeks of life (Loughrey, 1951) .
The nutritive value of insects is species-and stage-dependent. The crude protein content varies from 38 to 76%, whereas crude fat ranges between 14 and 43% . To date, in most research, the administration of invertebrates as a replacement for soyabean meal or fish meal in diets has produced satisfactory results (Wang et al., 2005; Hwangbo et al., 2009; Bovera et al., 2015; Maurer et al., 2015) . The inclusion of 25% housefly larvae meal in the diet of broiler chickens resulted in better growth performance in comparison with the same amount of fish meal (Pretorius, 2011) . Similar results were found by Awoniyi et al. (2003) , and the substitution of 25% fish meal with insect meal showed the most efficient results in the case of average weekly gain (WG) and protein efficiency ratio (PER) .
Currently, to the best of our knowledge, the effects of full-fat insect meals supplemented to diets in relatively small amounts, i.e. 0.05-0.2%, on broiler chicken growth performance and on the populations of microbiota in the gastrointestinal tract (GIT) have not been investigated.
Insects are also known as a potential source of antimicrobial peptides (AMP) with activities against both Gram-positive and Gram-negative bacteria, which may be exploited in livestock production (Józefiak and Engberg, 2017) . AMPs are considered growth and health promoters with modulating effects on the intestinal microbiome and do not result in the development of natural bacterial resistance (Wen and He, 2012; Choi, 2013a,b; Xiao, 2015; Józefiak and Engberg, 2017) . Therefore, the aim of the present study was to examine the effect of the application of full-fat insect meals as a feed additive (0.05-0.2%) 'on top' of complete diets on the growth performance and GIT microbiota composition of broiler chickens.
Material and methods

Birds and diets
According to Polish law and EU directive (No 2010/63/EU) , the experiments conducted within the study do not require the approval of the Local Ethical Committee for Experiments on Animals in Poznań (Poland).
Four independent in vivo experiments using different full-fat insect meals as a supplement for feeding broiler chickens were conducted. In the first experiment, 480 day-old, female ROSS 308 chickens obtained from a commercial hatchery were randomly distributed into 6 treatments using 8 replicate pens per group and 10 birds per pen.
The following insect species were used: Gryllodes sigillatus (Walker, 1869) All insect species used in the current studies were obtained from commercial source (HiProMine S.A., Robakowo, Poland) in the form of full-fat meals, finely ground and air-dried at 55 °C.
The first trial was conducted to investigate the growth performance, i.e. body weight gain (BWG), feed intake (FI) and feed conversion ratio (FCR). Additionally, pH values in the crop, ileal and caecal digesta were measured. Birds were maintained in floor pens (1 × 1 m) for 35 days. The stock density was based on 10 birds per m 2 . The housing conditions were the same in all experiments.
The second experiment was conducted with the same experimental design as that in the first, but this trial differed in the amount of insect added, which was doubled (0.2%) compared to the first trial. The number of birds, experimental conditions and the measurements were the same as in the first experiment.
In the third trial, 400 day-old female ROSS 308 chickens were used. Birds were placed into 4 treatments containing 10 replicates per group and 10 birds per pen. S. lateralis, T. molitor and H. illucens were used at 0.2%. The growth performance parameters and the pH values in the digesta were measured as in the first trial. Additionally, populations of microbiota were determined in the crop, ileal and caecal digesta by fluorescent in situ hybridization (FISH).
In the fourth experiment, 500 day-old female ROSS 308 chickens were distributed into 5 groups with 10 replicate pens of 10 birds each. The experiment was run for 41 days, and 0.05, 0.1 and 0.2% of S. lateralis was added based on the results obtained in the third experiment. The growth performance parameters and the microbiota populations in the same three GIT segments were evaluated.
The compositions of the experimental diets used in all experiments are shown in Table 1 . Diets for each period were formulated to be isonitrogenous and isocaloric. The diets were prepared in a mash form; all raw materials were ground by disc mill (Skiold A/S, Saeby, Denmark) at a 2.5-mm disc distance, mixed without any heat treatment and fed ad libitum to the birds. Starter diets were offered to all birds from days 1 to 8 (Experiments 1 and 2), 1 to 10 (Experiment 4), or 1 to 14 of age (Experiment 3); grower diets were fed between days 9 to 21 (Experiments 1 and 2), 11 to 21 (Experiment 4), or 15 to 21 of age (Experiment. 3); finisher diets were used from days 22 to 35 (Experiment 1, 2 and 3) or to 41 of age (Experiment 4). The experimental diets were designed to provoke GIT colonization by Clostridium perfringens due to the use of viscous cereals (wheat/rye), animal fat (pig lard) and fish meal. Furthermore, no exogenous enzymes were used in the studies. Insect meals were added 'on top' of the basal diets per tonne. The nutritive value of the selected insect species is shown in Table 2 .
Data and sample collection
The growth performance parameters in each experiment were measured using a replicate pen serving as the experimental unit. The FI and BWG of the chickens were determined on days 8 and 35 (Experiments 1 and 2) or 14 and 35 (Experiment 3) or 10, 21 and 41 (Experiment 4). In all trials, on day 28 from each experimental group, 10 randomly selected chickens were killed by cervical dislocation. In the first and second trial, one additional randomlychosen bird was chosen from two separate replications. For analyses of the gastrointestinal contents (microbiota population and pH), the digesta of crop, ileum and caeca from individual birds (10 per treatment) were collected by gentle squeezing. A part (5 g) of each digesta sample was immediately packed and sealed in sterilized plastic bags. Samples were stored at −80 °C for the analysis of the microbiota composition by FISH of single bacterial cells. The digesta pH value was measured using a combined glass and reference electrode (pH 100L; VWR International, Leuven, Belgium). For pH value determining, as well as microbiota counts, the experimental unit was 1 bird randomly chosen from each replication (10 birds per treatment in total). 12.55 12.97 13.28 1 starter diets were offered to all birds from days 1 to 8 (Experiments 1 and 2), 1 to 10 (Experiment 4), or 1 to 14 of age (Experiment 3); grower diets were fed between days 9 to 21 (Experiments 1 and 2), 11 to 21 (Experiment 4), or 15 to 21 of age (Experiment. 3); finisher diets were used from days 22 to 35 (Experiment 1, 2 and 3) or to 41 of age (Experiment 4 Crude fibre 60 ± 6 89 ± 9 94 ± 9 70 ± 7 85 ± 8 97 ± 10
Crude ash 65.6 ± 5.9 54.6 ± 4.9 53.6 ± 4.8 64.2 ± 5.845.3 ± 1.8 71.3 ± 6.4
Microbial community analysis by fluorescent in situ hybridization (FISH)
All details of sample preparation and FISH analyses for bacteria enumeration from crop, ileal and caecal digesta are described in Józefiak et al. (2013) . Briefly, samples of the gastrointestinal content taken during bird dissection were immediately frozen and stored in −80 °C. For FISH analysis, 100 μl of digesta were diluted in phosphate-buffered saline (PBS) and pipetted onto 0.22 μm polycarbonate filters (K02BP02500, Frisenette ApS, Knebel, Denmark) and vacuumed (LABOPORT Vacuum pomp, KNF, Freiburg, Germany). After vacuuming, the filters were transferred onto cellulose discs for dehydration in an ethanol series (50, 80 and 96%, 3 min each). For each sample, a series of identical filters was prepared to allow the determination of optimal hybridization. The oligonucleotide probes used in these studies are described in detail in Table 3 ( . Hybridizations were carried out in 50 μl of hybridization buffer (0.9 M NaCl; 20 mM Tris/HCl, pH 7.2; 0.01% SDS) containing the oligonucleotides probes. After hybridization, filters were washed with washing buffer (20 mM Tris/ HCl, pH 7.2; 0.01% SDS; 5 mM EDTA) for 20 min at 48 °C. The filters were rinsed gently in distilled water, air-dried, and mounted on object glasses with VectaShield (No. H-1000, Vector Laboratories, Burlingame, CA, USA) anti-fading agent containing DAPI (4',6-diamidino-2-phenylindole). To distinguish the total count (DAPI) of bacteria from other particles in GIT content samples, the filters were left in 4 °C for 1 h in the dark until visualized using a Microscope Axio Imager M2 (Carl Zeiss, Thornwood, NY, USA).
Statistical analyses
All experiments used a completely randomized design, and data were tested using the GLM procedure of the SAS statistical software package ver. 9.4 (SAS Institute Inc., Cary, NC, USA). In all experiments, means were separated using Duncan's tests following a one-way analysis of variance (ANOVA) based on the following equation:
where: Y ij -observed dependent variable; μ -overall mean; α i -effect of treatment; and δ ij -random error. In cases in which the overall effect was significant (P ≤ 0.05), means were compared pairwise (pdiff). The results are given as the least squares means with a pooled standard deviation.
Results
Experiments 1 and 2
The performance of the birds (Tables 4 and 5) fed diet with full-fat insect meal supplementation did not differ from NC and PC groups, irrespective of the supplementation amount (0.1 or 0.2%). However, the addition of both 0.1 and 0.2% of G. assimilis (nymphal stage) decreased the pH value of the digesta in the crop (Experiment 1, P = 0.003; Experiment 2, P = 0.005; Table 6 ), and the addition of 0.1% of G. sigillatus caused a similar effect (P = 0.003). Moreover, supplementation with 0.2% of S. lateralis reduced the pH in the crop and caeca compared with that in NC and PC groups and resulted in the lowest caecal digesta pH (P = 0.002) among all treatments. 
Experiment 3
Supplementation with T. molitor and H. illucens increased the feed intake of the birds at days 15-35 (P = 0.011) and for the entire trial (P = 0.018; Table 7 ). In the HI20 treatment, the FCR was impaired in comparison with that in the NC group at days 15-35 (P = 0.014), but no significant differences were observed for the entire trial (days 1-35) . In the crop, statistically significant changes in microbiota were observed ( Table 8 ). In the T. molitor treatment, the lowest counts of the Bacteroides-Prevotella cluster were observed (P = 0.001). Table 4; 2 treatments: NC -negative control (without additives), SL20 -0.2% of Shelfordella lateralis, TM20 -0.2% of Tenebrio molitor, HI20 -0.2% of Hermetia illucens (in all groups insect meals were supplemented 'on top'); 3 SEM -standard error of mean; ab -means with different superscripts within a row are significantly different at P ≤ 0.05 Table 4 ; 2 treatments: NC -negative control (without additives), PC -salinomycin (60 mg · kg −1 diet), GS20 -0.2% of Gryllodes sigillatus, SL20 -0.2% of Shelfordella lateralis, GA I 20 -0.2% of Gryllus assimilis (imago stage), GA S 20 -0.2% of Gryllus assimilis (nymphal stage) (in all groups insect meals were supplemented 'on top'); 3 SEM -standard error of mean Table 7 ; 2 SEM -standard error of mean; 3 total number of bacteria determined by 4',6-diamidino-2-phenylindole (DAPI) staining; abc -means with different superscripts within a row are significantly different at P ≤ 0.05 Table 4 ; 2 see Table 5 ; 3 SEM -standard error of mean; abc -means with different superscripts within a row are significantly different at P ≤ 0.05
In comparisson with the SL20 and TM20 treatments, HI20 lowered the Clostridium leptum subgroup counts and increased those of the Clostridium coccoides-Eubacterium rectale cluster. Moreover, in the HI20 treatment, the highest numbers of Lactobacillus spp./Enterococcus spp. were observed compared with those of the NC and SL20 treatments. In comparison with the negative control, the addition of selected insect full-fat meals increased numbers of Clostridium coccoides-Eubacterium rectale cluster in the ileal digesta (P < 0.001). The lowest Lactobacillus spp./Enterococcus spp. counts were in the HI20 treatment, whereas an increase was observed in the TM20 treatment. In the caecal digesta, counts of Bacteroides-Prevotella, Clostridium coccoides-Eubacterium rectale clusters and Streptococcus spp./Lactococcus spp. were the highest in the HI20 group. Hermetia illucens addition also resulted in increased counts of Lactobacillus spp./Enterococcus spp. compared with those in the control and TM20 groups.
Experiment 4
At days 11-21 and 1-21, supplementation of 0.2% full-fat S. lateralis meal improved BWG ( Table 9 ). The final BWG (days 1-41) in the SL20 treatment improved by approximately 3.5%, although the difference was not statistically significant (P = 0.099). The feed intake also improved in the SL20 treatment at days 1-10 and 1-21. The FCR in the SL20 treatment at days 1-21 was better than that in the PC (P = 0.045) but did not differ from that in the NC.
In the crop, the highest counts of total microbiota were found in the SL20 treatment. The Clostridium leptum subgroup and Clostridium coccoides-Eubacterium rectale counts increased in all treatments supplemented with S. lateralis (Table 10 ). In the ileal digesta, for most of the microbiota populations, no statistically significant effects of S. lateralis meal were observed. The only changes in the microbiota were for Lactobacillus spp./Enterococcus spp., and the lowest counts were marked in the NC treatment. In the caecal digesta, no significant differences were observed. Table 4; 2 treatments: NC -negative control (without additives), PC -salinomycin (60 mg · kg −1 diet), SL05 -0.05% of Shelfordella lateralis, SL10 -0.1% of Shelfordella lateralis, SL20 -0.2% of Shelfordella lateralis (in all groups insect meals were supplemented 'on top'); 3 SEM -standard error of mean; ab -means with different superscripts within a row are significantly different at P ≤ 0.05 Lactobacillus spp./Enterococcus spp. 9.52 9.57 9.41 9.38 9.42 0.01 0.32 1 see Table 9 ; 2 SEM -standard error of mean; 3 total number of bacteria determined by 4',6-diamidino-2-phenylindole (DAPI) staining; a-e -means with different superscripts within a row are significantly different at P ≤ 0.05
Discussion
Insect meals as a novel source of nutrients have been successfully added to the diets of animals, such as broiler chickens, layers, weaned pigs, aquatic animals and rabbits (Makkar et al., 2014) . In general, the data suggest that the welfare, growth performance, nutrient digestibility, intestinal morphological features, and even quality of the carcass and meat are not adversely affected by insect additions to the diet. However, the current study was aimed to analyse the potential effects of insect meals used as feed additives, in low amounts ranging from 0.05 to 0.2%, added 'on top' of the diet.
In general, supplementation of the full-fat insect meals did not improve final performance results of the birds. However, the addition of 0.2% H. illucens and T. molitor increased FI without any adverse effect on the FCR, simultaneously improving BWG by 1.5 and 2.8%, respectively. Whereas the 0.05% addition of S. lateralis had a similar effect on BWG, FI and FCR to that of the group supplemented with salinomycin, the 0.2% addition increased BWG up to 3.5% as compared with the NC.
In poultry, all segments of the GIT are colonized by different populations of microbiota (Salanitro et al., 1978; Pan and Yu, 2014; Józefiak and Engberg, 2017) . To date, more than 900 bacterial species have been identified, and it is well documented that the disturbance of microbial homeostasis can have significant negative effects on intestinal health and bird performance (Stanley et al., 2014 ). In the current experiments, the analysed microbiota populations were chosen as gut health indicators on the basis of our earlier research (Józefiak et al., 2011 (Józefiak et al., , 2012 (Józefiak et al., , 2013 Ptak et al., 2015; Kierończyk et al., 2016; Dunislawska et al., 2017) . Although it cannot be demonstrated that final performance indices of the birds are improved due to supplementation with insect meals, significant changes in microbiota populations were marked. The predominant taxa of the GIT of broiler chickens belong to the phylum Firmicutes and consist of mainly cellulolytic and amylolitic Clostridia followed by Bacillus spp., Lactobacillus spp. and Enterococcus spp. (Egorova et al., 2016 ). In the current study, in the ileal digesta, counts of the Clostridium coccoides-Eubacterium rectale cluster were the highest in insect supplemented treatments in comparison with NC. Moreover, Lactobacillus spp./Enterococcus spp. counts increased with supplementation of T. molitor meal. Shelfordella lateralis supplementation increased the Clostridium leptum subgroup and Clostridium coccoides-Eubacterium rectale cluster counts in the crop, while H. illucens (0.2%) addition increased Bacteroides-Prevotella, the Clostridium coccoidesEubacterium rectale cluster and Streptococcus spp./ Lactococcus spp. in the caeca.
The Clostridium leptum subgroup includes many species that are members of the genera Clostridium, Eubacterium and Ruminococcus, which are mostly butyrate producing and fibrolytic species that have significant effects on gut health (Lay et al., 2005) . Species of this genus produce organic acids, including butyrate, acetate, lactate or formate, but not propionic and succinic acids, as primary products of dietary fibre fermentation. Therefore, similar to the Clostridium leptum subgroup, the abundance of E. rectale is a good indicator of the butyrate-producing microbiota, which indirectly affect epithelial cell structure and function, particularly in the lower regions of the GIT. Observed changes in the Clostridium leptum subgroup, Clostridium coccoides-Eubacterium rectale, and Bacteroides-Prevotella show that the relatively low inclusion of the insect meals, particularly S. lateralis and H. illucens, can affect the GIT microbiome. Moreover, supplementation of S. lateralis resulted in improvement of BWG of the chickens, and this could be connected to the higher frequency of the Clostridium leptum subgroup, as well as Clostridium coccoides-Eubacterium rectale. Finally, the addition of insect full-fat meals also reduced the pH value in the crop, particularly with the supplementation of 0.1 or 0.2% of G. assimilis, 0.1% of G. sigillatus or 0.2% of S. lateralis. However, even in lower regions of the GIT (caeca), supplementation with 0.2% of S. lateralis decreased the pH value. This acidification effect can also reflect the potential bacteriostatic role of insect meals in the GIT of poultry, while fermentation processes contribute to the formation of short-chain fatty acids and shifts in pH values.
It is well-documented that insects produce AMPs that have broad-spectrum activity against both Gram-positive and Gram-negative bacteria, including Staphylococcus aureus (MRSA), Klebsiella pneumoniae, Shigella sonnei, Pseudomonas aeruginosa and Escherichia coli, and fungi, viruses and parasites (Park et al., 2014; Yi et al., 2014; Józefiak and Engberg, 2017) . Additionally, the chitin content in insect meals could activate the innate immune system because of the fungistatic and immunoadjuvant properties (Dutta et al., 2004) . The results of the present study demonstrate that even low supplementation of the full-fat insect to broiler chicken diets can have a statistically significant impact on selected GIT microbiota populations. Therefore in our opinion, the role of AMPs and/or chitin need more research to clarify their potential effects on broiler chicken gut health.
Conclusions
It can be concluded that supplementation with full-fat insect meals in relatively small amounts, i.e. from 0.05 to 0.2%, in the diet of broiler chickens can modulate microbiota populations in the gastrointestinal tract of broiler chickens.
